From both the fundamental and applied points of view, there is a growing interest in characterizing the 12 rheological properties of concentrated suspensions, such as cement paste. When a cement paste is sheared, 13 its intrinsic network structure will respond to the shear induced stresses. The influence of mixing 14 intensity on the rheological properties of fresh state cement paste is studied. The results showed that 15 contrary to what is popularly believed, when subjected to a high mixing intensity the rheological 16 properties of cement paste can increase once a certain threshold mixing intensity is achieved. This 17 increase in rheological properties was associated with changes in the chemical nature and physical nature 18 of the cement pastes. 19 20
Introduction 23
Due to the development of highly flowable concrete and increased use of chemical admixtures, renewed 24 interest in predicting and understanding the rheological behavior of concrete has occurred. In its fresh 25 state, concrete can be considered a suspension consisting of sand and gravel particles suspended in a paste 26 matrix [1, 2] ; however, even the paste matrix is heterogeneous, comprised of cement particles and 27 hydrates in a pore solution. As a result, the macroscopic flow behavior and rheological properties of 28 2 concrete are highly impacted by the inherent structure of the paste matrix. The factors affecting the 29 rheological properties of pastes can be broadly separated into two categories: non-hydrodynamic factors 30 and hydrodynamic factors. Non-hydrodynamic factors include interactions affects arising from colloidal 31 forces and in the case of cementitious materials, hydration effects. Hydrodynamic effects are due to 32 interactions resulting from non-colloidal origins between the suspending medium and the particles [3] [4] [5] . 33
Particulate suspensions, such as cement paste, are complex rheological materials whose material 34
properties are dependent upon its processing, especially the mixing process. Understanding the effect of 35 the mixing forces on cement paste is essential to understanding the rheological properties of cement paste 36 [6, 7] . Yet the majority of the research on rheological behavior of cement paste has focused on the effect 37 of mixture ingredients and far fewer have focused on the process used to prepare the cement pastes for 38 evaluation. Studying the cement paste phase to gain insight into concrete behavior is common practice; as 39 such it is important to consider how the behavior cement paste is affected by the mixing process. 40
In 2011, a new standard, ASTM C1738, was introduced for preparation of cement pastes. This 41 standard uses a high shear mixer for preparation of cement pastes and was motivated from the work of 42
Helmuth et al. [8] who suggested that high mixing intensity (≥ 4000 rpm) is needed to mimic the mixing 43 energy of cement paste within concrete. Helmuth et al. [8] showed that the correlations between stiffening 44 behavior of concrete prepared in the field and that of cement paste prepared in the lab were dependent on 45 the mixing energy used to prepare the pastes. Good agreement between the stiffening behavior of concrete 46 and pastes mixed using a high shear mixer was seen when the temperature during the high shear mixing 47 process was controlled. However, the shear rate that is experienced by the paste matrix within concrete 48 will depend on the processing stage (e.g. casting, mixing, etc.), as well as the actual mixture composition. 49
For example, Helmuth et al. [8] estimated the shear rate within the paste matrix for a lean concrete 50 mixture during mixing to be 2000 s -1 , whereas, the shear rate for a rich concrete paste during mixing was 51 estimated to be 500 s -1 . Similarly, Roussel [9] estimated the shear rate applied to cement paste is 52 approximately 5 times higher than the shear rate applied to concrete in the case of ordinary concrete, 53 temperature of the pastes mixed at 8000 rpm and 12000 rpm after mixing was approximately 24 ± 2.0 °C. 114 115
Experimental methods 116

Rheology 117
To evaluate the properties of fresh state cement pastes, flow curve rheological test were conducted using 118 with a commercial rheometer (Anton Paar MCR 301). The rheometer was equipped with a solvent trap to 119 prevent excessive evaporation during the tests and a Peltier setting controlled the temperature of the 120 samples at 23 ± 1 °C. A concentric cylinder geometry was used; inner diameter of cup and outer 121 dimension of bob were 28.9 mm, and 26.6 mm. 122
Prior to conducting the flow curve test, a 0.1 s -1 preconditioning process was applied for 30 seconds 123 (which was enough time to reach a steady state shear stress condition), followed by 30 seconds of resting. 124
In order to obtain the flow curve, the shear rate was stepped-down from 50 s -1 to 10 s -1 in increments of 125 10 s -1 (see Figure 3 ). Each shear rate was maintained for 60 seconds since this was determined to be a 126 6 sufficient amount of time to achieve a steady-state shear stress for each shear rate. The data was recorded 127 every second and the last 10 data points at a given shear rate were averaged to represent the average 128 resultant shear stress at that shear rate. According to Ferraris et al. [20] , the range of typical shear rate 129 experienced by cement paste in concrete during the placing process is 10 or 20 s -1 . Since some of the 130 flow curves displayed non-linear behavior, the apparent viscosity at 20 s -1 of shear rate (see equation 1) 131 was used to characterize the mixtures. The apparent viscosity, , was defined as: 132
where is the average resultant shear stress at 20 s -1 of shear rate. 134 135
Fresh State Particle Size Measurements 136
A focused beam reflectance measurement (FBRM) system was used to evaluate the in-situ particle 137 conditions of the cement pastes [17, 26, 31, 35] and to gain insight about the fresh state microstructure 138 of cement paste. The basic FBRM process involves scanning the suspension at 2 m/s with a rotating laser 139 beam and measuring the time duration of the reflected laser from the particles in the scanning path. The 140 time duration of the reflected light coupled with information regarding the scanning velocity of the laser 141 is then used to obtain the chord length of the particles/agglomerates 1 . The chord length of the particle is 142 the length from one edge to the opposite edge on the scanning path rather than the diameter of the 143 particles. Information about the number of chord counts per second, as well as the actual length of the 144 chords, is recorded. 145 Figure 4 presents a schematic of the FBRM set-up. As can be seen in the figure, the FBRM set-146 up includes a beaker that contains the sample, the FBRM probe, and an impeller. After preparing the paste 147 7 in the high shear mixer, a portion of the paste was transferred to the FBRM beaker. To minimize the 148 effect of sedimentation on the data, the paste was agitated with the impeller, and the probe was inserted 149 into the sample face to the direction of flow at a downwards angle [12] . Three different agitating speeds 150 (150, 300, and 450 rpm) were used to examine how the agitation speed affected fresh state microstructural 151 behavior and agglomeration strength among the particles. Measurements were recorded every 10 seconds, 152 and each test was performed for 30 minutes. Estimating the shear rates of samples in mixing vessels is not 153 trivial, however using a vane approximation (see Equation 2) [24] , an indication of the magnitude of the 154 shear rate applied to the sample in the FBRM container at the different mixing speeds was estimated (see 155 Table 3 ). 156 
Flame photometry 169
Flame photometry was used to gain insight about the pore solution chemistry, particularly the potassium 170 and sodium concentration since they contribute significantly to the ionic strength of the pore solution and8 previous work [25] has shown that microstructural rebuilding (i.e. thixotropy) was strongly impacted by 172 these ions [26] . After 045 pastes were prepared (see Section 2.2), a 100 g. sample of fresh state cement 173 paste was put through a Buckner funnel in order to extract the pore solution. A 0.50 µm filter paper was 174 use to extract the pore solution. Extraction was conducted by vacuum filtering using the process described 175
by Hema [27] . During the extraction process, 25 ml of deionized water was poured on top of the cement 176 paste and the obtained pore solution was diluted to 0.2 % (w : w) with deionized water to the detectable 177 range (0 to 199.9 ppm for sodium, and 0 to 9.99 ppm for potassium were used to prepare the paste. As expected, the apparent viscosities increased as the solid volume 185 increased. As the solid content increases, particle-to-particle interactions are likely to increase, and the 186 increased interactions among the particles results in an increased resistance to flow [1, 28, 36] . The 187 apparent viscosity values were lower for the 045_SP paste than for the 045 cement paste. This is 188 attributed to the electrosteric hindrance effects from the polycarboxylate-based SP [32, 33] , and it has been 189 shown that incorporating polycarboxylate--based SP tends to result in weaker agglomerates which can be 190 easily broken down by shear [21, 34] . 191 Higher mixing energy has been associated with cement paste with lower viscosities and increased 192 fluidities [6,35-37]. In Figure 5 , it was seen that when the sample preparation mixing speed increased 193 from 1000 rpm to 4000 rpm, the apparent viscosity did not increase (it generally decreased or remained 194 the same for all the mixtures). However, when the mixing speed increased above 4000 rpm, various9 behaviors were observed. Between 4000-8000 rpm, the apparent viscosity was relatively unchanged for 196 the mixtures without SP; however, a considerable increase in the apparent viscosity values were seen in 197 the pastes containing SP as the sample preparation mixing speed increased from 8000 rpm to 12000 rpm. 198
Hence it appears that mixing speeds within a range of 1000 rpm to 4000 rpm is sufficient to disperse the 199 prepared with a final mixing speed of 12000 rpm was generally greater than cement pastes prepared with 214 a final mixing lower than 8000 rpm. However, as the FBRM agitation speed increased to 450 rpm (see 215 plot c in Figures 7, 8, 9 , and 10), the chord length of the cement pastes prepared using a final preparation 216 speed of 12000 rpm was often comparable to those prepared with lower sample preparation mixing 217 speeds. The results illustrate the dynamic nature of agglomerate resilience. Samples prepared with the 218 faster sample preparation speeds contained microstructures with larger agglomerates; this may be due to 219 stronger interparticle bonds and/or faster rates of agglomeration. Regardless of the mechanism inducing 220 the formation of the agglomerates, it can be seen that these large agglomerates were able to resist 221 breakdown under the lower FBRM agitation speeds of 150 rpm and 300 rpm, but when enough power is 222 applied to the system even those agglomerates can be ruptured. 223
Inspired by an approach described by Jarvis et al. in which the relationship between particle size 224 and velocity gradient is used to determine a shear-based agglomeration strength [38] , the slope of the 225 average chord length-FBRM agitation speed curve (see Figure 11 ) is used as a measure to estimate the 226 overall strength of the microstructure. The curves shown in Figure 11 represent three theoretical examples 227 of a mixture that was prepared using three different sample preparation speeds (A, B, and C) and 228 evaluated using the FBRM technique (note, the mixture composition and the FBRM testing approach is 229 the same in the three examples). For ease of reading, we will refer to the mixture by the sample 230 preparation speed that was used to prepare it (e.g. mixture "B" is the mixture that is prepared using 231 sample preparation speed B). As the agitation speed increased from "1" to "2", the average chord sizes of 232 all the mixtures decreased. Mixture "A" had the largest initial average particle chord length of the three 233 samples and its final average chord length was the same as mixture "B"; whereas mixture "C" had a slope 234 that is equivalent to mixture "B", but the average particle chord length of mixture C was smaller than that 235 of mixture "B". Since the slope of mixture "B" is the same as mixture "C" the microstructural response of 236 these two mixtures to the agitation is similar, which suggests that the mixtures have equivalent 237 agglomeration strength. However, since the average chord length of mixture "B" is greater than that of 238 mixture "C", the microstructure of mixture "B" is comprised of larger agglomerates than mixture "C"; 239 thus the overall state of agglomeration is considered to be higher than that of mixture "C". Mixture "A" 240 initially has agglomerates that are larger than the other two mixtures, however, as the agitation speed 241 increased, the agglomerate size of mixture "A" decreased to an agglomerate size similar to mixture "B". 242
Thus, the agglomeration strength of mixture "A" was weaker than mixture "B", and this is manifested by 243 the slope of the curve represented by mixture "A" curve being steeper than that of the curve represented 244 by mixture "B'. The sign of the slope indicates whether breakdown or agglomeration is occurring, where 245 negative signs represent breakdown/disaggregation has occurred. The absolute magnitude of the slope is 246 used to determine the agglomeration strength, and in the case of a negative slope higher values are 247 associated with lower agglomeration strengths (i.e. weaker systems). Based on this concept, the 248 agglomeration strength of the pastes was calculated by determining the slope of the line passing through 249 the average chord length-FBRM agitation speed plot at 150 rpm and 450 rpm. 250 Figure 12 shows the agglomeration strength of each cement paste as calculated and expressed in 251 where ε 0 is the permittivity of the vacuum, ε is the dielectric constant (relative permittivity) of the 275 dispersion medium, R is the gas constant, T is the absolute temperature, F is the Faraday constant, and I 276 is the ionic strength. As the ionic concentration is increased, the thickness of electrical double layers 277 decreases, which can result in increased/stronger agglomeration. 278 Figure 13 shows an illustration depicting how a high sample preparation mixing intensity may 279 result in increasing agglomeration of cement particles. First, breakdown of cement particles occurs due to 280 the mixing process, thereby increasing the specific surface area in contact with the mixing water. As the 281 specific surface area increases, the ionic concentration of cement paste increases due to an increasing rate 282 of ionic dissolution from the surface of the cement particles [26, 44] . This increased ionic concentration 283 reduces the thickness of the diffused layers of the electric double layer on the cement particles, which 284 facilitates agglomeration of cement particles [30, 40, 42] . Thus, it is likely that varying the mixing speed 285 can also result in changing the chemical nature a mixture and that these changes will impact 286 agglomeration kinetics. To investigate this, additional experiments were conducted to examine whether 287 changes in hydration mechanism or concentration of ions in the pore solution occurred when pastes where 288 prepared with different mixing intensities. 289
The cement pastes were prepared using the protocol shown in Figure 1 and the hydration kinetics 290 of the samples were monitored for 20 hours after initial contact of the cement with the mixing water. 291 Figure 14 shows that as the final sample preparation mixing speed increased, cement hydration was 292 accelerated and the overall heat evolved during this time period increased (see Figure 15) ; this 293 13 phenomenon occurred regardless of whether the mixture contained superplasticizer or not. Further 294 analysis of the heat of hydration curves (see Tables 4, 5 , and 6) elucidates that the end of the acceleration 295 period was more sensitive to the applied mixing speed than the end of the induction period. Hydration 296 kinetics prior to the induction period is controlled by dissolution of ions from the cement grains [46] , 297 whereas the acceleration period is controlled by nucleation and growth of C-S-H [47]. Nucleation is a 298 diffusion controlled process. Thus the results suggest that C-S-H formation was modified (e.g. via the rate 299 at which C-S-H is formed and/or the structural arrangement/porosity) since such changes can affect the 300 rate at which ions diffuses through the hydrate. This is in agreement with the results of Juilland et al. [ 
47] 301
who observed a faster rate of hydration in cement pastes that were prepared at 1200 rpm versus those 302 prepared at lower intensities (specifically 500 rpm and hand mixed). It was postulated that this behavior 303 was due an increased dissolution rate of ions from the surface of cement particles caused by the 304 mechanical action of mixing densifying the C-S-H nuclei. Additionally, it cannot be ignored that the 305 formation of the hydration products from the aluminate phases, such as ettringite, will also be occurring 306 during this time period. Similar to the impact of mixing on the silicate phases, it is likely that the 307 increased mixing intensity will also impact the formation of hydrates precipitating from the aluminate 308 within the paste matrix and air will also affect rheological properties [51, 52] . Thus, the greater sensitivity 317 to mixing intensity seen in the plasticized mixtures as compared to the non-plasticized mixtures could be 318 due to the polycarboxylate-based admixture inducing changes within the paste that modified the 319 fundamental rheological response of the paste systems. Generally, an increase in hydration rate is 320 associated with an increase in the early strength development (which is one of the reasons why cement 321 fineness has decreased over the years) [53, 54] . However, in many applications, minimizing the initial 322 heat release is preferred in order to limit the development of thermal stresses which can cause early-age 323 cracking. Further work is needed in order to investigate the extent to which mixing intensity influences 324
properties, especially with respect to strength, capillary porosity and shrinkage development. 325
From Figure 16 (a), it can be seen that for the cement paste prepared at a final mixing speed of 326 1000 rpm, inclusion of the superplasticizer had a slight retardation effect. Interestingly, the delaying 327 effect of superplasticizers was compensated by increasing the final mixing speed (compare Figures 16 (a) , 328 (b), and (c)). Retardation of cement hydration due to superplasticizers has been commonly reported, and 329 could be due to adsorption of the polymer molecules of the superplasticizer onto cement particles 330 inhibiting subsequent topochemical reactions from occurring [50,55-59] and/or an increase in the time 331 needed to reach the percolation threshold due to the particles being initially dispersed further apart from 332 the superplasticizer [53] . It was seen that the apparent viscosity of the 045_SP mixture was lower than of 333 the 045 mixture (see Figure 5 ) at all the sample preparation mixing speeds that were used in this research. 334
However as the sample preparation speed increased the difference between the apparent viscosity of the 335 045 and 045_SP decreased, which indicates that the cement-SP interaction has been affected. 336
The pore fluid of cement is comprised of several ions (primarily, Na + , K + , OH − , Ca 2+ and SO 4 2-) 337
[60] . As depicted in Figure 13 , an increase in the ion concentrations of the pore fluid may contribute to 338 the acceleration behavior and particle agglomeration behavior observed in the pastes that were prepared 339 using the higher final mixing speeds. In order to examine whether this could be the case, the 340 concentration of alkali was measured using flame photometry. It can be seen that the potassium and 341 sodium concentrations of the cement paste prepared with final mixing speed of 12000 rpm was higher 342 than other cement pastes prepared with lower final mixing speeds (see Figure 17) . Thus the results are in 343 agreement with the hypothesis that the increased mixing intensity increased the early-age dissolution 344 process. The increased ion concentration in the mixture prepared at 12000 rpm when compared to 345 mixtures prepared at the lower mixing intensities is likely caused by increased deagglomeration of the 346 cement grains due to initial rupturing of the flocs. This deagglomeration could then heighten the 347 accessibility of the alkali ions to the pore solution. Increase soluble alkali content has been shown to 348 increase the rheological properties of pastes [61] [62] . This is consistent with the trend seen in Figure 18 , in 349 which the mixture containing the highest measured alkali ions displayed the greatest apparent viscosity. 350
Ferron [25] showed that SP demand was strongly correlated to the potassium and sodium concentrations 351 in the pore solution, which suggests that for the paste presented in Figure 17 that mixing at 12000 rpm 352 may necessitate more superplasticizer to achieve a target fluidity condition than mixing at 4000 rpm. 353 354
Conclusion 355
The results of this study contributes to our understanding of the mechanisms affecting the rheological 356 behavior of cement pastes due to changes in the mixing speed. It was determined that after a certain 357 mixing speed threshold, the rheological properties of fresh state cement paste increased. The results 358
showed that pastes prepared at higher mixing speeds exhibited a larger mean chord size and higher 359 rheological properties than their counterpart pastes prepared at lower mixing speeds. This trend was 360 amplified in pastes containing superplasticizer. Changes in the physical and chemical nature of the pastes 361 occurred when the mixing speed varied. Based on an agglomeration strength analysis using in-situ 362 particle size measurements, pastes that were prepared with high mixing speeds contained larger 363 agglomerates that were more weakly linked together than pastes prepared at lower sample preparation 364 speeds. This behavior was associated with changes in chemical reactions in the cement pastes, specifically 365 with regards to hydration kinetics and soluble alkali concentration. As the mixing speed increases, 366 increases in hydration kinetics and alkali content of the pore solution occurred. Such changes will likely 367 lead to a decrease in the thickness of the diffuse double-layer and promote agglomeration. Table 2 . Mixture proportions for cement paste. c/p refers to solid content volume and is the volume of 4 cement per volume in paste, whereas w/c refers to the water-to-cement ratio and is based on the 5 mass of cement versus the mass of water. 6 Table 3 . Estimated shear rate applied in the FBRM set-up 7 Table 4 . Influence of mixing speed on the time at which the of induction period ended 8 Table 5 . Influence of mixing speed on the time at which the acceleration period ended 9 Table 6 . Influence of mixing speed on the slope of acceleration period of cement paste (slope = tangent) 10 
